Although allopatric divergence is a well-accepted mechanism of speciation for eukaryotic macroorganisms, the importance of geographical barriers to divergence in microbial populations is a subject of great debate. Do geographically separated populations of micro-organisms diverge independently, or does their structure fit the often quoted Bass-Becking description 'everything is everywhere; the environment selects'? Aided by high-resolution genetic and genomic tools, the search for 'microbial marsupials' has revealed that in fact both are true; some species of micro-organisms demonstrate allopatric divergence, while others do not. This discovery opens the door for comparative analyses, where questions about the differences in evolutionary and ecological mechanisms that drive divergence and speciation in different microbial species can begin to be explored. Investigating these differences in evolutionary mechanisms will greatly enhance interest in, and understanding of, the dynamic processes that create and maintain the vast diversity of the microbial world.
INTRODUCTION
The mention of species and speciation in microorganisms has fallen out of favour, because much of the discussion on the topic has focused on identifying a single species recognition tool (i.e. a level of sequence or genome divergence) that defines a species boundary for all microbial taxa (Rossello-Mora & Amann 2001; Konstantinidis & Tiedje 2005b) . This focus on species definitions rather than mechanisms of speciation necessarily excludes the intrinsic and the extrinsic evolutionary factors that differ between microorganisms-the very differences that make the study of species and speciation an interesting empirical science. Without knowledge of the mechanisms that drive divergence among microbial lineages (i.e. evolutionary species concepts; Rossello-Mora & Amann 2001), 'species' can seem like nothing more than labels. It is no wonder, then, that many microbiologists who respect diversity have lost interest in the discussion of species and speciation.
Studying mechanisms of speciation involves identifying patterns of variation that develop within and between populations as well as barriers that partition this variation into discontinuous lineages over time. It is now possible to analyse patterns of individual-level variation in micro-organisms, as high-throughput and high-resolution tools (DNA sequencing, proteomics and expression analysis) become feasible for larger sample sizes. With the development of these tools, a new appreciation for population genetics and mechanisms of speciation in Bacteria and Archaea is emerging. The ability to decipher these populationlevel patterns of diversity will soon allow microbiologists to address many of the questions about speciation that have long interested evolutionary biologists studying diversity in macro-organisms.
Although there is little consensus about the relative importance of different speciation mechanisms, even in macro-organisms that have been studied for hundreds of years, allopatric speciation has emerged as the least controversial and technically the easiest to identify. As stated by Coyne & Orr (2004) in their text on species and speciation, 'most evolutionists accept allopatric speciation as the most common mode'. Allopatric speciation results from divergent evolution of geographically isolated populations. Because microorganisms are so small, recognizing phenotypic differentiation among isolated populations and identifying potential geographical barriers that prevent gene flow and migration have been especially challenging, and the importance of allopatric speciation to microbes is still hotly debated (Whitfield 2005) .
Identifying the importance of allopatric speciation to micro-organisms has great relevance across a spectrum of disciplines, from community ecology to microbial evolution. On the scale of community ecology, the presence of allopatric speciation mechanisms contributes to estimates of global species richness (Finlay 2002) . Understanding the evolution of allopatric species has practical relevance in controlling the spread of emerging pathogens (Maynard Smith 1995) , forensic analysis of sources of bacterial strains (Easterday et al. 2005) , engineering dependable bioremediation communities (Curtis et al. 2002) and designing conservation strategies to protect essential endemic microbial populations (Stepkowski et al. 2005; Souza et al. 2006) . The recognition of allopatric species will allow for comparative estimates of intraspecies nucleotide diversity, which are needed to identify the origins of genome complexity across the domains of life (Lynch & Conery 2003; Daubin & Moran 2004) . In addition, allopatric divergence will be important to experimental microbiologists who expect consistency among similar strains cultured from different locations.
The question of whether allopatric speciation can occur in micro-organisms is not a new one (Bass Becking 1934) . However, the recent claim that geographical barriers do not exist for any microorganism (Finlay 2002) has renewed the search for examples of 'microbial marsupials' (Fenchel 2003) . As the number of studies of microbial biogeography increases, it has become clear that some species show evidence of allopatric divergence (Papke et al. 2003; Whitaker et al. 2003; Kim et al. 2004 ) and others do not (Pringle et al. 2005; Rydholm et al. 2006; Zaballos et al. 2006) . The interesting question now is not 'do microbial species have allopatric origins?', but 'what are the evolutionary parameters that lead to geographical barriers in some microbial species, but not in others? ' Here, I review methods for identifying biogeographic differentiation and allopatric speciation in micro-organisms, with attention to how the degree of resolution provided by different genetic tools reveals different patterns among different microbial species. Then, I contrast the population level mechanisms that result in biogeographic patterns driven by environmental selection (ecological speciation) to those driven by local evolution in geographically isolated populations (allopatric speciation), and suggest that comparative studies of both biogeographic patterns and population parameters are necessary to identify the basis of biogeographic diversity among different species. I conclude with a discussion of the unanswered questions specific to microbial biogeography, and how genomic tools combined with population genomic analyses will answer some of these questions.
SIGNATURES OF DIFFERENTIATION AMONG POPULATIONS
Biogeographic differentiation refers to the partitioning of variation into unique groups that may result from environmental factors (ecological speciation) or physical barriers to dispersal (allopatric speciation; Lomolino et al. 2005; figure 1). Testing for mechanisms of allopatric speciation in micro-organisms begins by identifying how variation is partitioned among geographically associated populations.
DNA sequence analysis has become the most powerful tool for resolving events in microbial evolution. The most common method used to elicit biogeographic patterns involves analysis of phylogenetic relationships among sequences derived from different locations. Biogeographically distinct populations are evident when variable gene sequences cluster by geographical region. Because discontinuities separating clusters of gene sequences can occur randomly through stochastic evolutionary processes, conclusively resolving biogeographic patterns requires phylogenetic concordance among multiple loci (Kuo & Avise 2005) . Multilocus assessments of biogeographic patterns can also exclude the effects of natural selection on sequence divergence, which can misleadingly identify geographical patterns or lack thereof (Elder 1977) .
Recognizing divergence between isolated populations depends upon using tools designed to detect independent evolution at the appropriate time-scale. The slowly evolving 16S rRNA gene is the most commonly used molecular marker to survey and catalogue microbial diversity. Because this gene evolves slowly over geological time, it is appropriate for detecting ancient evolutionary events. The 16S rRNA marker has revealed ancient biogeographic differentiation among populations of some microbial species, but not others (Glockner et al. 2000; Hentschel et al. 2002; Hewson & Fuhrman 2004; Pommier et al. 2005; Wu et al. 2006) . While differences among species are apparent on this scale, there are very few comparative analyses to establish the mechanistic basis for different patterns. Recently, a number of studies have shown that the use of slowly evolving 16S rRNA makes it difficult to recognize recent events in the evolutionary history of a species, such as those associated with incipient speciation (Stackebrandt et al. 2002) . For microbial species in which biogeographic patterns have emerged on more recent time-scales, resolving differentiation requires sequencing more rapidly evolving non-coding or protein-encoding loci. Table 1 shows results from several studies of non-pathogenic microbial species that have addressed biogeographic patterns using highresolution tools such as multilocus sequence typing of protein-coding genes. Again, at this scale, not all studies tell the same story, and the defining differences among species have not emerged.
It is important to note that not all protein-coding loci perform equally in population analysis of biogeographic differentiation. Several studies have concluded that, owing to a lack of variation in protein-coding markers among distant locations, biogeographic differentiation does not exist for a given species (Ward & O'Mullan 2002; Ast & Dunlap 2005) . Because molecular markers evolve on different time-scales, conclusive evidence for panmixia or differentiation requires sampling multiple individuals from each location to identify markers that can vary.
Phylogenetic analyses depend upon fixed differences between populations to accurately resolve branching patterns. Even with rapidly evolving protein-coding loci, fixation of differences between populations may occur long after the formation of geographical barriers. Differentiation on more recent time-scales can be resolved when variable sites differ in frequencies among populations. F st statistics, which compare the level of genetic variation within and between populations are useful for identifying these more recently evolved levels of differentiation (Hudson et al. 1992) . Large sample sizes are required to resolve biogeographic patterns at this scale. Therefore, again, studies that find a lack of geographical isolation using a single sequence from each locale may overlook significant differentiation.
Differentiation among populations has also been recognized using genome fingerprinting metrics, such as random amplified polymorphic DNA markers (RAPDs), box-polymerase chain reaction (box-PCR; Oda et al. 2002; Foti et al. 2006) or the position of repetitive elements (rep-PCR; Fulthorpe et al. 1998; Cho & Tiedje 2000) . These PCR-based genome fingerprints change as a result of nucleotide sequence divergence at priming sites, or with the movement of transposable elements, insertion of novel genetic elements or large-scale genome rearrangements. At least some of these genome changes can occur at rates that outpace nucleotide sequence divergence. Therefore, genome fingerprints have the potential to resolve even more recent differentiation than the sequence methods described previously (Rademaker et al. 2000) . 
GEOGRAPHICAL ISOLATION OR 'THE ENVIRONMENT SELECTS'?
Both environmental selection and geographical isolation can lead to differentiation among populations (figure 1). To conclusively identify allopatry as a speciation mechanism, we must answer the fundamental question: do endemic populations diverge through neutral drift and local adaptation (allopatric speciation), or do they represent particular genotypes from a panmictic pool that can survive in a given environment (ecological speciation)? Table 1 lists a selection of empirical studies of environmental micro-organisms that have tested for evidence of geographical isolation using highresolution molecular tools. This summary shows that evidence for geographical isolation has been identified among diverging populations at both the global and the local spatial scales in microbial species with different habitats and metabolic characteristics. Environmental differentiation has been observed primarily at the local scale. In addition, several studies have found no evidence for geographical patterns even using highresolution tools. This selection of studies used a variety of tests to distinguish between environmental and geographical factors where differentiation among populations was identified.
The most powerful method to parse geographical isolation and environmental selection mechanisms is to partition the effect of isolation by distance from other environmental variables. Tests of isolation by distance assume that migration decreases as a function of spatial distance between sites (Wright 1943; Slatkin 1993) . Decreased migration results in greater isolation, and consequently greater genetic divergence between distant sites. To test whether there is significant correlation between genetic and geographical distance, a nested sampling strategy including samples taken at different spatial scales is needed. Whitaker et al. (2003) tested for a correlation between genetic and geographical distance in a combined analysis of nine genomic loci from thermophilic Archaea collected from globally distant geothermal regions. This study found a significant distance effect that shows a relationship between genetic and geographical distance among populations, but no relationship to measured environmental parameters.
When multiple genetic loci are used, distance relationships may also be resolved based on the number of shared alleles. For example, figure 2 shows the results derived from the programme STRUCTURE, which implements a Bayesian approach to reconstructing ancestral population structure from multilocus sequence data (Falush et al. 2003) . For this analysis, STRUCTURE was run using variable positions from seven genetic loci for 46 strains of the thermoacidophile Sulfolobus islandicus collected from two isolated regions of Kamchtaka, Russia and populations from Iceland, and Yellowstone and Lassen National Park in North America. Using the no admixture model, which assumes that each individual derives ancestry from only one population, STRUCTURE inferred that a model with five populations best fit the data: one ancestral population from each geographical region. After evidence for rapid recombination within populations was identified (Whitaker et al. 2005) , further analysis allowing for admixture among populations showed the proportion of nucleotides from each ancestral population identified by STRUCTURE for each genotype (figure 2). STRUCTURE identified evidence of admixture between the Uzon/Geyser Valley and Mutnovsky regions of Kamchtaka (stars in figure 2) at two of the seven loci. This is consistent with either incomplete sorting of alleles between two recently isolated populations or gene flow between geographically isolated populations. Gene flow, or lack of complete sorting of alleles between the Uzon/Geyser Valley and Mutnovsky populations of Kamchatka, which, compared with the other populations, are in relatively close proximity (250 km), is consistent with the conclusion that the five populations are isolated by distance (Whitaker et al. 2003) .
When testing for isolation by distance, the potentially confounding effects of environmental selection may be removed through statistical analysis. However, while several authors have attempted to resolve the influence of fine-scale environmental variables on population structure, this is difficult to establish conclusively ( 2004). One confounding factor is temporal and spatial variation in microbial environments that obscure measurement and resolution of critical environmental parameters. To correct for such spatial and temporal variation in environmental parameters, sampling strategies that allow assessment of overall diversity by sampling at different sites and times in each location are essential to identify shared characters within geographical regions and distinguish the effects of isolation by distance on biogeographic patterns.
Without a nested sampling strategy, several authors have tested for correlations between the distribution of diversity and geographical location or environmental variables. A recent study by Sikorski and Nevo explicitly sought to distinguish geographical and environmental factors on population structure of Bacillus simplex in the Evolution Canyons of Israel using both multilocus genealogies and genome-fingerprints generated with RAPDs (Sikorski & Nevo 2005) . This study showed significant differentiation between habitat types, but very little with regard to geographical location. The authors attribute this differentiation to rapid adaptation and sympatric speciation in these spore-forming microorganisms that have been shown to have few migration barriers (Roberts & Cohan 1995) .
Recently, a number of studies have tested for distance effects at the microbial community scale ( Telford et al. 2006) . While these approaches do not explicitly test for the population level process of allopatric speciation, they can resolve the effects of allopatric speciation on the larger scale of community composition. Just as the correlation between geographical and genetic distance results from allopatric divergence among populations, a positive relationship between area size and number of different taxa is predicted when communities are geographically isolated from each other (MacArthur & Wilson 1967) . Several studies have established this relationship using low-resolution tools such as 16S rRNA or the length of the internal ribosomal RNA spacer to identify overall community fingerprints and diversity metrics. Because both an increase in environmental heterogeneity and allopatric speciation could produce this pattern, effects of geography and environment must again be disentangled. Where these studies have explicitly tested for the effects of geographical distance, they have shown that biogeographic patterns are driven by either environmental factors (Huynen & Bork 1998 
POPULATION PARAMETERS
Mechanistically, the relative rates of local in situ evolution (neutral mutation, drift and adaptation) and dispersal (migration) will determine whether biogeographic patterns are established by geographical barriers or environmental selection. In fact, these processes directly counteract each other. Relatively high migration rates prevent local adaptation and vice versa ( Via & Lande 1985) . In order to understand how the balance between in situ evolution and dispersal affects different species, we must describe the population genetic parameters that are involved in both the processes. Below, I describe some of the population dynamics that determine rates of in situ evolution and migration that result in allopatric speciation. While interesting evolutionary dynamics occur in metapopulations in which several populations in different environments are linked by migration, here I will focus only on dynamics that can lead to complete isolation and eventually, to speciation.
POPULATION PARAMETERS THAT DETERMINE RATES OF IN SITU EVOLUTION
When migration rates are relatively low, divergence among populations results from neutral genetic drift and local adaptation driven by natural selection. Although genetic drift is theoretically important to the process of evolution across adaptive landscapes (Wright 1932) , its importance in allopatric speciation has rarely been demonstrated empirically, and is considered less important than the effect of natural selection (Coyne & Orr 2004) . Divergence through genetic drift is most likely to occur when small founder populations become isolated from a larger source population by geographical barriers, so that low-frequency alleles become fixed by chance (Mayr 1963) . Therefore, we might predict that geographical structures driven by neutral divergence will evolve in microbial species when new niches are colonized by small founder populations.
Both theoretical and empirical population genetic analyses have described a migration-selection balance that defines biogeographic population structure driven by natural selection (Slatkin 1987 ). This balance is determined by the rate of adaptive response of a population to natural selection in its local environment. The rate at which a population becomes locally adapted to its environment depends upon the selective regime as well as the evolutionary potential of the population. Evolutionary potential is determined by the rate at which adaptive traits are introduced into the population and adaptive mutations are distributed through the population to become fixed (Capelle & Neema 2005) . In microbial populations, adaptations are introduced through random mutation, genetic exchange among individuals of the same population, horizontal gene transfer of genetic material from other species in the environment and rare migration. It has been suggested that horizontal transfer is the primary mechanism through which Bacteria and Archaea acquire adaptive alleles (Konstantinidis & Tiedje 2005a; Coleman et al. 2006) . If this prediction is true, microbial species that are prone to horizontal gene transfer will acquire locally advantageous alleles at a faster rate and local adaptation will drive divergence among them. Similarly, increased rates of local adaptation resulting from gene transfer between species have been shown to occur in macro-organisms. For example, Grant (1993) showed that introgression of genetic variation leads to faster local adaptation in island finch populations.
Allopatric origins of microbial species R. J. Whitaker 1979 The rate at which adaptive mutations become fixed in a population depends upon interrelated factors including the strength of selection, rate of gene transfer between individuals (i.e. whether they are recombining or clonal; Barraclough et al. 2003) , population size, population growth rate and environmental stability (Katz et al. 2005) . For example, microbial species that recombine frequently have a greater rate of adaptation over clonal populations in a harsh environment where selection is strong (Goddard et al. 2005) . A review of 47 studies of rates of local adaptation in macro-organisms showed that in the majority of species, rapid local adaptation was associated with a colonization event of a novel unoccupied environment (Reznick & Ghalambor 2001) . Colonization of a new unoccupied niche can lead to rapid fixation of alleles of large selective effect. Therefore, microbial species that colonize novel environments, such as anthropomorphic contaminant sites may be more likely to exhibit local adaptation and geographical isolation than others.
POPULATION PARAMETERS THAT DETERMINE RATES OF DISPERSAL
Global microbial populations result when dispersal rates are high relative to rates of local evolution. Dispersal rates depend upon physical transport between environments and survival of the propagule, or at least some of its genetic material, once it has arrived. Differences among macrobial species that determine rates of physical transport include active or passive dispersal mechanisms, population density and bodysize. Although body-size is the defining characteristic between macro-and micro-organisms, there is a relatively small range of variation in cell size among microbial species. Therefore, while allometry may be a useful structure to compare macrobial and microbial patterns , it is less useful for distinguishing differences among microbial species. Similar to macro-organisms, microbial species that have mechanisms for active movement (such as flagella) may exhibit biogeographic patterns on a larger scale than those without these mechanisms. Also, those that have acquired mechanisms to facilitate passive movement, such as resistant endospore formation, association with rapidly migrating macrobes (Hubalek 2004) or the formation of protective biofilms (Hall-Stoodley & Stoodley 2005) , are more likely to be ubiquitous. Of course, dispersal may also be facilitated by anthropogenic means, such as agriculture or human disease. Therefore, it is not surprising that several studies have shown panmictic populations of several microbial human pathogens (Maynard Smith et al. 1991 Feil & Spratt 2001) .
The rate of migration between sites is also related to the population density of microbial species, because the probability of a propagule being physically transferred between sites increases with the number of propagules. Recently, neutral models of microbial communities have been developed and empirically tested to show that migration rates scale with population size (Sloan et al. 2006 ).
An additional component that determines the probability of physical transport is the spatial structure of the microbial habitat. For example, micro-organisms adapted to island habitats separated by great distances have lower migration rates than those in common environments that are more continuously distributed (Staley & Gosink 1999) . In addition, the identification of geographical barriers depends upon the spatial scale being assessed. While some microbial species demonstrate geographical barriers on the scale of centimetres, others may only be apparent over thousands of kilometres. Vos et al. found evidence for local adaptation, but were unable to recognize spatial structuring at the centimetre scale in the heterotrophic, social, fruiting bacteria Myxococcus xanthus (Vos & Velicer 2006) . Differences in the metabolic capacities of microbial species may be important determinants of environmental distribution. For example, heterotrophic micro-organisms capable of growth on organic compounds may show higher rates of migration because they are less restricted in their habitats than those optimized for specific metabolic pathways where resources are less evenly distributed.
FUTURE DIRECTIONS
Comparative analysis of population parameters in combination with assessment of biogeographic population structure will ultimately identify the ecological or evolutionary basis for differences among microbial species. There are very few microbial species for which both biogeographic patterns and populations parameters have been described, so the primary drivers of these patterns are not known. Some of the parameters, such as the spatial structure of the environment, are straightforward to recognize and record. New methods to model and measure recombination, selection and mutation rates, and their influence on speciation are presently being developed and discussed by several others in this issue (Falush et al. 2006; Hanage et al. 2006) . Using these methods to estimate within-and between-population values of these parameters in populations, where biogeographic patterns have been identified, will be instrumental in determining mechanisms through which allopatric speciation develops. However, several questions unique to microorganisms remain to be addressed.
One of the most important unanswered questions relates to mechanisms of gene flow between populations. Besides migration of propogules between isolated environments, extra chromosomal carriers of genes, such as plasmids, viruses and transposable elements may contribute to gene flow between populations (Sano et al. 2004 ). These elements have been shown to carry the so-called auxiliary genes, which are relatively transient in microbial genomes and can be transferred easily between organisms, often as genomic islands (Coleman et al. 2006) .
In a study of the biogeographic structure of the legume symbiont Rhizobium gallicum, Silva et al. (2005) found differences in biogeographic structure when chromosomal loci were compared with plasmid-borne loci. This study showed significant geographical isolation among Mediterranean, Mexican and Chinese populations using both phylogenetic and population measures of differentiation for two chromosomal loci.
Interestingly, the authors note that these patterns were not resolved using two symbiosis genes known to be carried on plasmids. The mechanism of transfer of plasmid genes between geographical regions is unknown; however, this and other studies provide a needed incentive to examine the importance of extra-chromosomal elements to gene-flow among the otherwise isolated populations.
Another question crucial to understanding the importance of allopatric speciation to microbial species is, what factors maintain species boundaries in sympatry? The strictest application of the biological species concept for sexual macro-organisms requires that, in order to be recognized as different species, allopatric populations will no longer be able to merge through mating. Barriers to gene flow and the maintenance of independent lineages in sympatric microbial populations are not well understood. In fact, recognizing sympatric speciation in microbial populations can only be done once the potential effects of allopatric divergence are excluded (Barluenga et al. 2006; Savolainen et al. 2006) . One process in recombining microbial species that is analogous to biological speciation in sexual macro-organisms is the breakdown in homologous recombination frequency with neutral sequence divergence (Cohan 1995) . It has been suggested that this mechanism results from mismatch repair enzymes and the properties of RecA-mediated recombination (Cohan 1995) . In microbial species with these mechanisms, neutral divergence over time among allopatric populations might result in true biological speciation and permanent lineage divergence. Other mechanisms that have been suggested to limit recombination between sympatric species are differences in restriction enzymes which do not allow importation of sequences that are highly divergent (Cohan 2002) , loss of genome synteny through acquisition of novel genome fragments (Vetsigian & Goldenfeld 2005) , and movement of transposable elements or genome rearrangements. While intriguing as intrinsic mechanisms of speciation, the impact of these barriers on speciation is yet to be quantified in any microbial species.
Populations of macro-organisms that have diverged in allopatry may remain isolated if they have evolved by natural selection to occupy different ecological niches. This type of ecological differentiation has been proposed as a sympatric speciation mechanism for purely clonal micro-organisms which diverge into unique clonal 'ecotypes' through the recurrent action of periodic selection (Cohan 2005) . Even in micro-organisms that can recombine, adaptive changes can create ecological isolation among populations that maintain lineage boundaries. Recognizing these adaptive differences, and demonstrating that they maintain species, has been difficult in micro-organisms. Experiments that identify persistent coexistence and genetic isolation may be possible; however, establishment of microcosms in the laboratory that replicate local environmental conditions is difficult for microbial systems.
POPULATION GENOMICS
The exponential increase in the accessibility of DNAsequencing technology promises to provide the tools for microbial biogeographers to answer some of the critical remaining questions described previously. Interrogating the genomes of populations may be done through sequencing multiple closely related isolates. In addition, assemblies of community genome data can reveal patterns of sequence variation across reconstructed genome sequences of microbial populations (Tyson et al. 2004; Allen & Banfield 2005; Whitaker & Banfield 2006) . Moving beyond multilocus sequence analyses to comparisons of large genome fragments or even full genome sequences promises to provide higher resolution analyses of both biogeographic patterns and genetic mechanisms that promote them.
Identifying the evolutionary history of different genes throughout the genome will show where different genomic elements demonstrate different geographical patterns. Full genome sequencing of multiple individuals from geographically isolated populations will reveal the differential distribution of auxiliary genes and genomic islands, and their association with extrachromosomal genetic elements. Comparisons among full genome sequences will greatly enhance our ability to detect differences in gene content resulting in horizontal gene transfer within or between geographically isolated populations.
Full genome analysis may also point to mechanisms of genetic isolation that maintain species barriers in sympatry. For example, comparative genome analysis among multiple genomes from the same population will identify whether barriers to recombination are associated with changes in positions of mobile elements, genome rearrangements and levels of neutral sequence divergence. Full genomes of multiple individuals from the same population contain information about variation across the genome that can be used to identify loci that are responsible for niche differentiation and ecological isolation among sympatric species (Whitaker & Banfield 2006) . Understanding mechanisms that maintain isolation among sympatric species will allow predictions about whether allopatric divergence will result in the evolution of truly isolated microbial species if sympatry is restored.
CONCLUSIONS
The debate over how to define microbial species and whether they exist has a surprisingly limited audience in environmental microbiology. Although many seminars begin with a reverent acknowledgement of microbial diversity, they often proceed with a disclaimer about how we do not really know how to parameterize that diversity and are not sure it really matters. Interestingly, these same seminars usually conclude with some mention of an evolutionary mechanism important to the study of speciation (horizontal gene transfer, recombination, selection or geographical isolation), but very few acknowledge the connection between these mechanisms and the process of speciation.
Many important mechanisms of speciation identified in macro-organisms (biological, allopatric and ecological) can be recognized in the microbial world. Here, I have described some of the evidence for allopatric speciation and the evolutionary parameters that will generate allopatric divergence in micro-organisms.
As with macro-organisms, each of these speciation mechanisms and evolutionary processes will not equally apply to all microbial species. Given the diversity of speciation mechanisms described for macrobes, there is no reason for microbiologists to expect a single concept or definition to apply to all micro-organisms, which represent greater than two-thirds of metabolic and genetic diversity of the planet. Excitement in species and speciation will be rekindled by a search for the underlying physical and biological population parameters that drive speciation across the diversity of the microbial world.
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